The role of Rho family GEFs in dendritic spine formation is currently not well understood. Results: The Rho family GEF Asef2 promotes spine and synapse formation through activation of Rac and spinophilin-mediated localization to spines. Conclusion: Asef2 is a critical regulator of spines and synapses. Significance: Asef2-spinophilin signaling is an important, new mechanism for inducing spine and synapse development.
tual disorders (25) (26) (27) . Therefore, these studies highlight the importance of GEFs and GAPs in regulating spine and synapse function and point to a need to investigate the contribution of other GEFs and GAPs to these processes.
Asef2 (SPATA13, FLJ31208) is a 652-amino acid GEF that activates Rac and Cdc42 (28, 29) . Asef2 is composed of several conserved domains that include an adenomatous polyposis coli binding region, a Src homology 3 domain, a Dbl homology domain, and a pleckstrin homology domain (28) (Fig. 1A) . The Dbl homology domain promotes GTP exchange, whereas the pleckstrin homology domain contributes to membrane localization (28 -31) . The adenomatous polyposis coli binding region and Src homology 3 domains work together to modulate the activation state of Asef2 (28) . The autoinhibited form of Asef2 prohibits nucleotide exchange via the Dbl homology domain; however, binding of the tumor suppressor adenomatous polyposis coli to the adenomatous polyposis coli binding region-Src homology 3 tandem region induces a conformational change in Asef2, thus stimulating the GEF activity of this protein (28, 32) . In the mammalian brain, Asef2 is expressed in various regions, including the cerebral cortex, the amygdala, the olfactory bulb, and the hippocampus (33) (34) (35) (36) , but its function in the central nervous system is currently not known.
Although most of the Asef2 binding partners remain to be identified, Asef2 has been shown to interact with the actin binding protein spinophilin (neurabin II) (37) . Spinophilin is highly expressed in the brain, and it localizes to dendritic spines in hippocampal neurons through an N-terminal F-actin binding domain (38 -41) . Spinophilin has been shown to regulate the formation and morphology of dendritic spines and to modulate glutamatergic synaptic transmission (42) . Moreover, spinophilin knock-out mice display defects in associative learning (43) , further emphasizing the importance of this protein in regulating synaptic function. Spinophilin could mediate these effects on spines and synapses at least in part through its interaction with proteins such as Asef2. This led us to investigate the role of Asef2 in the development of dendritic spines and synapses.
In this study, we show that spinophilin recruits Asef2 to synaptic sites. Asef2, in turn, promotes the formation of dendritic (29) . ABR, adenomatous polyposis coli binding region; SH3, Src homology 3 domain; DH, Dbl homology domain; PH, pleckstrin homology domain. B, hippocampal neurons were fixed at DIV14 and stained for endogenous Asef2, F-actin with phalloidin, and either SV2 (upper panels), PSD95 (middle panels), or Homer (lower panels). Overlays of the images show that Asef2 puncta are found with the synaptic markers (right panels, arrows). Bar, 5 m. C, DIV5 neurons were co-transfected with mCerulean (Filler) and either GFP or GFP-Asef2, then fixed and stained for F-actin (phalloidin) and SV2 or PSD95 at DIV11. Bar, 5 m. D, quantification of spine density using either GFP fluorescence or F-actin (phalloidin) staining as well as synapse density (SV2 and PSD95 clusters) in GFP-and GFP-Asef2-expressing neurons. Error bars represent S.E. for 40 -72 dendrites from five independent experiments (*, p Ͻ 0.001).
spines and synapses in hippocampal neurons by a Rac-dependent signaling mechanism. These results indicate that spinophilin-Asef2-Rac signaling is important in spine and synapse development.
EXPERIMENTAL PROCEDURES
Reagents-Asef2 polyclonal antibody was made by 21st Century Biochemicals (Marlboro, MA), as previously described (30) . Spinophilin polyclonal antibody was obtained from Novus Biologicals (Littleton, CO). SV2 monoclonal antibody was from the Developmental Studies Hybridoma Bank (University of Iowa, Iowa City, IA). PSD95 monoclonal antibody (clone 7E3-1B8) was purchased from EMD Millipore (Billerica, MA). Homer 1b/c polyclonal antibody was from Santa Cruz Biotechnology (Santa Cruz, CA). FLAG monoclonal antibody (clone M2) and DL-2-amino-5-phosphonopentanoic acid (AP5) were obtained from Sigma. Alexa Fluor 488 anti-rabbit, Alexa Fluor 555, 647, and 680 anti-mouse (for Western blotting), Alexa Fluor 546 phalloidin, and ProLong Gold antifade reagent were purchased from Life Technologies. Aqua-Poly/ Mount was from Polysciences, Inc. (Warrington, PA).
Plasmids-Full-length human Asef2 cDNA tagged with enhanced green fluorescent protein (EGFP, from Clontech, Mountain View, CA) (30) was inserted into a neuronal expression vector (pT␣S2) that contains the neuron-specific ␣1-tubulin promoter (44) . This vector was kindly provided by Freda Miller (University of Toronto, Toronto, Ontario). Asef2 GEF activity-deficient mutants were generated by site-directed mutagenesis using the following primers: Asef2-K382A, forward (5Ј-CTCACACCAGTGCAGGCGATCTGCAAATAC-3Ј) and reverse (5Ј-GTATTTGCAGATCGCCTGCACTGGT-GTGAG-3Ј); Asef2-K385A, forward (5Ј-CAGAAGATCTGC-GCATACCCGCTGCAG-3Ј) and reverse (5Ј-CTGCAGCGG-GTATGCGCAGATCTTCTG-3Ј). Asef2 short hairpin RNA (shRNA) constructs were created by inserting 64-mer sense and antisense oligonucleotides into the pSUPER vector as described previously (45) . The oligonucleotides contained the following target sequences: Asef2 shRNA #1 (5Ј-CCAGCAGA-TGATCGATATA-3Ј) and Asef2 shRNA #2 (5Ј-GCGACTAC-AACAATATAAA-3Ј). A non-targeting shRNA was constructed by inserting the sequence 5Ј-CAGTCGCGTTTGCG-ACTGG-3Ј into the pSUPER vector. Similarly, Rac shRNAs were generated using the following target sequences: Rac shRNA #1 (5Ј-GTGGTATCCTGAAGTACGA-3Ј) and Rac shRNA #2 (5Ј-GCAAACAGACGTGTTCTTA-3Ј). shRNAs targeting spinophilin were made using the following target sequences: spinophilin shRNA #1 (5Ј-GGACTATGACCGACG-CAAT-3Ј), spinophilin shRNA #2 (5Ј-AGGAGAATAAGGA-GCGGAT-3Ј), and spinophilin shRNA #3 (5Ј-ACAAGGACC-TGCAGACCAA-3Ј). Rac1 cDNA and glutathione Stransferase (GST)-tagged p21 binding domain cDNA were generously provided by Alan Hall (Memorial Sloan-Kettering Cancer Center, New York, NY). mCherry cDNA was a kind gift from Roger Tsien (University of California, San Diego, CA). Spinophilin cDNA, kindly provided by Roger Colbran (Vanderbilt University, Nashville, TN), was inserted into pT␣S2 vector containing mCherry. The C-terminal deletion mutant of spinophilin, which was previously described (37), was kindly provided by Tetsu Akiyama (University of Tokyo, Tokyo, Japan) and cloned into pT␣S2-mCherry. The Asef2 C-terminal deletion mutant, which was previously described (37) , was prepared by PCR and cloned into pT␣S2-GFP. mCerulean cDNA, which was a generous gift from David Piston (Vanderbilt University, Nashville, TN), was inserted into pT␣S2 vector.
Cell Culture and Transfection-Hippocampal neurons were isolated from day 19 rat embryos and were cultured at low density using an established protocol (46) . At day in vitro (DIV) 5, neurons were transfected using a modified calcium phosphate protocol (20) . Rat 2 fibroblasts (R2Fs) and HT1080 cells were cultured in Dulbecco's modified Eagle's medium (Life Technologies) that was supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA) and penicillin/streptomycin (Life Technologies). HT1080 cells were transfected using Lipofectamine 2000 (Life Technologies), and R2Fs were transfected using an Amaxa Nucleofector TM kit (Lonza, Cologne, Germany) according to the manufacturer's instructions.
Immunocytochemistry-For SV2 and phalloidin staining, neurons were fixed with 4% paraformaldehyde, 4% sucrose in phosphate-buffered saline (PBS) for 15 min at room temperature. For PSD95 staining, neurons were fixed with paraformaldehyde/sucrose for 3 min at room temperature followed by icecold methanol for 10 min. Separate sets of neurons were used to stain for SV2 and PSD95. For endogenous protein staining, neurons were fixed with either paraformaldehyde/sucrose for 3 min and then cold 10% formalin for 10 min, or paraformaldehyde/sucrose for 15 min. After 3 washes in PBS, coverslips were permeabilized with 0.2% Triton X-100 in PBS for 10 min and washed 3 times again. The coverslips were blocked with 20% goat serum in PBS for ϳ1 h. Primary antibodies were diluted in 5% goat serum in PBS, and coverslips were incubated with the antibodies overnight at 4°C. After at least 1 h of washing in PBS, the coverslips were incubated with secondary antibodies, which were diluted in 5% goat serum in PBS, for 45 TM cube (excitation HQ620/60, emission HQ700/75, Q660LP dichroic mirror) was utilized.
For some experiments, a Quorum WaveFX-X1 spinning disk confocal system containing a Yokogawa CSU-X1 spinning disk (Yokogawa Electric Corp., Newnan, GA) with Borealis upgrade/modifications (Guelph, Canada) was utilized for fixed and live-cell imaging. Images were obtained via an EM-CCD camera (Hamamatsu, Hamamatsu City, Japan) on a Nikon Eclipse Ti microscope (Melville, NY) with MetaMorph software and an Apo TIRF 60ϫ objective (NA 1.49). mCerulean, GFP, mCherry, and Alexa Fluor 647 images were acquired by exciting laser lines at 441, 491, 561, and 642 nm, respectively (Semrock, Rochester, NY); the emission filters for these fluorophores were 470/24, 525/50, 593/40, and 700/75, respectively (Semrock, Rochester, NY). Neurons were maintained in 10 mM HEPES, 150 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , and 30 mM glucose, pH 7.4, at 37°C using a temperature-controlled chamber (Live Cell Instrument, Seoul, Korea). In some experiments, neurons were treated with 50 M AP5 for 30 min to 1 h before imaging.
Dendritic spine and synapse densities were quantified along primary and secondary dendrites. Spines were defined as protrusions that contacted presynaptic terminals (identified by immunostaining for SV2). For analysis of knockdown efficiency in neurons, cells were immunostained for the endogenous protein, and the average fluorescence intensity of staining in the soma was obtained. To measure Asef2 localization to spines, neurons were analyzed as previously described (47) . Statistical analyses were performed using SPSS Statistics, version 22 (Armonk, NY). Comparison of two means was performed using t-tests. Comparison of multiple means was performed using one-way analysis of variance followed by post hoc tests (Tukey's test or Games-Howell pairwise comparison test). Data are shown as the means Ϯ S.E.
Rac Activity Assay-This assay was performed as described previously (48, 49) . Briefly, HT1080 cells were transiently cotransfected with FLAG-tagged Rac cDNA and either GFP, GFP-Asef2, GFP-Asef2-K382A, or GFP-Asef2-K385A cDNAs. After 24 h, the cells were lysed and incubated with GST-tagged p21 binding domain, which was bound to glutathione-Sepharose beads (GE Healthcare) for 1 h at 4°C with end-over-end mixing. The amount of active Rac pulled down by the GST-p21 binding domain beads was assayed by Western blot. For quantification, the amounts of active Rac were normalized to the total Rac amounts.
RESULTS

Endogenous Asef2 Is in Dendritic Spines and Synapses-Pre-
vious work has shown that Asef2 is expressed in various regions of the mammalian brain (33) (34) (35) (36) , including the hippocampus (33, 34) . Because the hippocampus is functionally linked to learning and memory (50, 51) , which are processes that are dependent on proper dendritic spine formation (52-56), we hypothesized that Asef2 plays a role in the development of spines. To test this hypothesis, we first assessed the localization of endogenous Asef2 in hippocampal neurons. In DIV14 neurons, Asef2 was seen throughout the dendrites, including in small puncta along the dendrites that appeared to be spines (Fig. 1B) . To demonstrate that these dendritic puncta were spines, we co-stained for three synaptic markers, SV2, postsynaptic density protein 95 (PSD95), and Homer. As shown in Fig.  1B , Asef2 puncta were observed with the synaptic markers. Quantification showed that 62.7 Ϯ 1.7% (n ϭ 24 dendrites from three separate experiments) of the Asef2 puncta along the dendrites co-localized with PSD95 clusters. Thus, these results suggest that Asef2 is present at synaptic sites (i.e. dendritic spines).
Expression of Asef2 Promotes Dendritic Spine and Synapse Formation-To continue investigating the role of Asef2 in spine development, we generated a GFP-tagged Asef2 construct and expressed it in hippocampal neurons. We transfected neurons at DIV5, before spines and synapses have formed, and assessed spine and synapse density at DIV11, when these structures are prevalent. Expression of GFP-Asef2 caused an increase in the density of dendritic spines compared with expression of GFP alone, as determined using GFP fluorescence (Fig. 1, C and D) . The neurons were also stained with fluorescently labeled phalloidin, which binds to F-actin and is a commonly used marker for dendritic spines (57) (58) (59) . Similar to the spine density quantified using GFP fluorescence, the density of spines quantified using phalloidin was increased in GFP-Asef2-expressing neurons (Fig. 1, C and D) . Furthermore, GFP-Asef2 expression caused an increase in the number of synapses, as determined by SV2 and PSD95 staining, compared with GFP expression alone (Fig.  1, C and D) . These results suggest that Asef2 promotes the formation of dendritic spines and synapses in hippocampal neurons.
Knockdown of Endogenous Asef2 Impairs Spine and Synapse Development-We next used a shRNA approach to knock down endogenous Asef2 in neurons and examined the effect on spines and synapses. We generated two shRNAs, which targeted the rat sequence of Asef2, and assessed their ability to reduce endogenous Asef2 expression. Neurons were stained for endogenous Asef2, and the intensity of Asef2 staining in the soma was used to quantify the percentage of Asef2 knockdown ( Fig. 2A) . Both shRNAs significantly reduced endogenous Asef2 expression compared with endogenous Asef2 expression in non-transfected neurons (Fig. 2B) . Expression of either Asef2 shRNA caused an ϳ50% decrease in dendritic spine density as compared with expression of empty pSUPER vector or a nontargeting shRNA (NT shRNA) (Fig. 2, C and D) . Similar decreases in synaptic density were also observed in Asef2 shRNA-transfected neurons (Fig. 2, C and D) . To further show that the effects of the Asef2 shRNAs were due to the loss of the endogenous protein, we performed a rescue experiment in which GFP-tagged human Asef2 was co-expressed with Asef2 shRNA #1. Because the Asef2 shRNA targets the rat sequence, it should not affect the expression of GFP-tagged human Asef2 due to four nucleotide mismatches. Expression of human GFPAsef2 with Asef2 shRNA led to an increase in the amount of total Asef2 and caused a significant increase in the number of spines and synapses compared with Asef2 shRNA expression (Fig. 2, C-E) . Collectively, these results suggest that endogenous Asef2 is an important regulator of dendritic spine and synapse formation in developing neurons.
The Effect of Asef2 on Spines and Synapses Is Dependent on Its GEF Activity-Because GEF activity is important for Asef2 function (29, 30, 48, 60) , we hypothesized that Asef2 promotes spine and synapse formation through activation of GTPases. To initially test this hypothesis, we mutated two residues, lysine 382 or lysine 385, to alanine (K382A and K385A, respectively). These residues are highly conserved among members of the Dbl GEF family, which includes Asef2 (Fig. 3A) ; previous studies showed that lysine-to-alanine mutation of these residues in Dbl family GEFs, including Tiam1 and collybistin, greatly diminished their GEF activity (61) (62) (63) . We tested these mutants for their GEF activity toward Rac using a Rac activation assay. For this assay, the GST-tagged binding domain from the Rac effector PAK (GST-p21 binding domain) was used to detect the active form of Rac from cell lysates of GFP-, GFP-Asef2-, GFPAsef2-K382A-, and GFP-Asef2-K385A-expressing cells. Expression of GFP-Asef2 resulted in an increase in active Rac compared with expression of GFP (Fig. 3, B and C) . However, expression of either Asef2-K382A or Asef2-K385A abolished the Asef2-promoted effect on active Rac (Fig. 3, B and C) , indicating that these residues are crucial for the ability of Asef2 to activate Rac. We then transfected neurons with either GFP, GFP-Asef2, or the GEF activity-deficient mutants and quantified spine and synapse density. Expression of GFP-Asef2 caused a significant increase in spine and synapse density compared with GFP expression (Fig. 3, D and E) . In contrast, expression of GFPAsef2-K382A or GFP-Asef2-K385A did not lead to an increase in the number of spines and synapses (Fig. 3, D and E) , suggesting that the GEF activity of Asef2 is critical for its ability to promote spine and synapse formation.
Knockdown of Endogenous Rac Impedes Asef2-dependent Spine and Synapse Formation-Because the GEF activity of Asef2 is crucial for its effect on spines and synapses and previous work has shown that Rac regulates spine formation (16, 17, 64), we hypothesized that Asef2-mediated spine and synapse FIGURE 2. Knockdown of endogenous Asef2 hinders spine and synapse development. A, neurons were co-transfected at DIV5 with GFP and shRNAs targeting Asef2, then fixed at DIV11 and immunostained for endogenous Asef2. Transfected cell somas are outlined in magenta, and non-transfected cell somas are outlined in yellow. Bar, 20 m. B, the amount of endogenous Asef2 was quantified by measuring the fluorescence intensity of Asef2 in the somas of non-transfected and shRNA-expressing neurons. Error bars represent S.E. for 45 cells from three separate experiments (*, p Ͻ 0.02). C, neurons were cotransfected with mCerulean (Filler), GFP, or GFP-Asef2 (Rescue) and either empty pSUPER vector, non-targeting shRNA (NT shRNA), or Asef2 shRNAs at DIV5, then fixed and stained for F-actin (phalloidin) and SV2 or PSD95 at DIV11. Bar, 5 m. D, quantification of spine and synapse density for control (empty pSUPER vector or NT shRNA) and Asef2 shRNA-expressing neurons. Error bars represent S.E. for at least 45 dendrites from at least three separate experiments (*, p Ͻ 0.001). E, neurons were co-transfected with mCerulean, GFP, or GFP Asef2 (Rescue) and either pSUPER vector or Asef2 shRNA #2 at DIV5, fixed, and stained for Asef2 at DIV11. The total amount of Asef2 was quantified by measuring the fluorescence intensity of Asef2 in the somas of transfected cells. Error bars represent S.E. for 45 neurons from three separate experiments (*, p Ͻ 0.04; **, p ϭ 0.004; ***, p Ͻ 0.001).
formation is Rac-dependent. To test this hypothesis, we knocked down endogenous Rac using shRNAs. Two shRNAs, which targeted the rat sequence of Rac, reduced the expression of the endogenous protein by ϳ80% compared with empty pSUPER vector or to NT shRNA (Fig. 4, A and B) . We then co-transfected these shRNAs with either GFP or GFP-Asef2 in neurons and assessed spine and synapse density. Knockdown of Rac by transfection with Rac shRNAs in GFP-expressing neurons caused a decrease in the density of spines and synapses compared with neurons transfected with either empty pSUPER vector or NT shRNA (Fig. 4, C and D) , supporting the importance of Rac signaling for the formation of spines. Transfection FIGURE 3. Asef2 GEF activity mediates spine and synapse formation. A, schematic comparing a portion of the Dbl homology domain amino acid sequences of several Dbl family GEFs. Asef2-K382 (and corresponding residues in other GEFs) is shown in blue, and Asef2-K385 (and corresponding residues in other GEFs) is shown in red. ABR, adenomatous polyposis coli binding region; SH3, Src homology 3 domain; DH, Dbl homology domain; PH, pleckstrin homology domain. B, HT1080 cells were co-transfected with FLAG-Rac and either GFP, GFP-Asef2, GFP-Asef2-K382A, or GFP-Asef2-K385A. Three days later the active form of Rac was pulled down from lysates from these cells. The amounts of total Rac in the lysates is shown as a control. C, quantification of the amount of active Rac from four independent experiments. Error bars represent S.E. (*, p Ͻ 0.02; **, p Ͻ 0.002). D, neurons were transfected with the indicated constructs and stained for F-actin (phalloidin) and SV2 or PSD95. Bar, 5 m. E, quantification of spine and synapse density in GFP-, GFP-Asef2-, GFP-Asef2-K382A-, and GFP-Asef2-K385A-expressing neurons. Error bars represent S.E. for 45-59 dendrites from three independent experiments (*, p Ͻ 0.001).
of Rac shRNAs in Asef2-expressing neurons resulted in a significant decrease in spine and synapse density (Fig. 4, C and D) , which abolished the Asef2-promoted effect on these structures. These results suggest that Asef2 signaling through Rac mediates the formation of dendritic spines and synapses.
Spinophilin Regulates Asef2-promoted Spine and Synapse Formation-Spinophilin, which binds to F-actin, is a known Asef2-interacting protein that has previously been shown to regulate dendritic spine formation and synaptic function (37, 38, 42, 65, 66) . Therefore, we next investigated the role of spinophilin in Asef2-mediated spine and synapse formation.
Immunostaining of DIV14 neurons revealed that endogenous Asef2 and spinophilin co-localized at distinct sites along the dendrite (Fig. 5A) . Quantification showed that 63.6 Ϯ 2.6% (n ϭ 24 dendrites from three separate experiments) of Asef2 puncta co-localized with spinophilin. To determine whether spinophilin affects the function of Asef2 in spines and synapses, we generated three shRNAs to knock down endogenous expression of the protein. Transfection of the spinophilin shRNAs into R2Fs decreased endogenous levels of the protein by 60 -80% (Fig. 5,  B and C) . Furthermore, the shRNAs decreased expression of endogenous spinophilin by ϳ50% when transfected into neu- rons (data not shown). The spinophilin shRNAs caused a significant decrease in spine and synapse density as compared with NT shRNA in GFP-expressing neurons (Fig. 5, D and E) , indicating that endogenous spinophilin is a key regulator of spine and synapse formation. Moreover, the spinophilin shRNAs completely abrogated the Asef2-promoted effect on spines and synapses (Fig. 5, D and E) , suggesting that spinophilin is an important contributor to Asef2 signaling in the regulation of spine and synapse formation. Because shRNA #3 targeted the 3Ј-untranslated region of spinophilin, we could perform rescue experiments with rat spinophilin. Expression of mCherrytagged spinophilin with spinophilin shRNA #3 caused a significant increase in spine and synapse density compared with spinophilin shRNA #3 expression (Fig. 5, D and E) , further showing that the effect of spinophilin shRNAs on spines and synapses is due to loss of the endogenous protein.
Spinophilin Recruits Asef2 to Dendritic Spines-Because spinophilin localizes prominently to dendritic spines and is a binding partner for Asef2 (37, 38, 41) , we hypothesized that spinophilin targets Asef2 to spines. Intriguingly, co-expression of mCherry-spinophilin and GFP-Asef2 caused a stark change in the localization of Asef2 (Fig. 6A) . Although GFP-Asef2 alone was seen throughout dendrites, GFP-Asef2, when co-expressed with mCherry-spinophilin, was observed to localize predominantly to dendritic spines with much less accumulation in the dendrites (Fig. 6A) . Indeed, the localization of Asef2 mirrored that of mCherry-spinophilin with both proteins co-localizing in dendritic spines (Fig. 6A) . Quantification of the dendritic spine to shaft ratio of the fluorescence intensities of GFP and GFP-Asef2 showed an ϳ2.5-fold increase when mCherry-spinophilin was co-expressed with GFP-Asef2 (Fig. 6B) , suggesting that spinophilin localizes Asef2 to dendritic spines.
To further investigate the function of spinophilin in targeting Asef2 to spines, we generated an mCherry-tagged spinophilin mutant in which the C terminus was deleted (mCherryspinophilin⌬Cterm) and expressed it in neurons with GFPAsef2. As we previously observed, expression of full-length, mCherry-tagged spinophilin caused a significant increase in Asef2 localization to spines compared with mCherry expression (Fig. 6, C and D) . In contrast, expression of mCherryspinophilin⌬Cterm completely abrogated this increase in Asef2 spine localization (Fig. 6, C and D) . This effect was not due to a decrease in spinophilin localization to spines because the N-terminal F-actin binding domain targets spinophilin to spines (39) . Next, we prepared a GFP-tagged Asef2 C-terminal deletion construct (GFP-Asef2⌬Cterm). This region of Asef2 has been previously shown to mediate its interaction with spinophilin (37) . Expression of GFP-Asef2⌬Cterm with mCherryspinophilin caused a 57.6 Ϯ 9.7% (n ϭ 90 spines from three separate experiments) reduction in Asef2 localization to spines compared with that observed with expression of GFP-tagged full-length Asef2 with mCherry-spinophilin. These results collectively indicate that the interaction of spinophilin with Asef2 targets Asef2 to spines where it regulates spine and synapse development.
NMDA Receptor Signaling Is Important for Spinophilin-dependent Asef2 Localization to Dendritic Spines-NMDA receptors mediate the activity of numerous dendritic spine-associated proteins, and they are integral for the biochemical processes that underlie learning and memory (67, 68) . To assess whether NMDA receptors regulate spinophilin-mediated Asef2 localization, we used the NMDA receptor antagonist AP5, which acts as a competitive inhibitor (69) . Neurons expressing GFP-Asef2 and mCherry-spinophilin were treated with 50 M AP5 or a vehicle control for 30 min to 1 h before imaging. As previously seen, expression of mCherry-spinophilin promoted the localization of Asef2 to spines (Fig. 7, A and B) . Treatment of neurons with AP5, however, caused a significant reduction in the localization of Asef2 to spines (Fig. 7, A and B) , as determined by calculating the ratio of the GFP-Asef2 fluorescence intensity in dendritic spines to shafts (Fig. 7B) . Thus, these results suggest that NMDA receptor signaling is an upstream modulator of spinophilin-mediated Asef2 localization to spines.
DISCUSSION
The function of Rho family GEFs in spine development represents an increasingly exciting area of study given that not much is currently known about the contribution of these proteins to spine and synapse formation. Our results indicate a previously unknown role for the Rho family GEF Asef2 in the formation of dendritic spines and synapses in hippocampal neurons. Proper development of spines is dependent on the endogenous expression of Asef2, because knockdown of Asef2 causes a decrease in spine and synapse density. Knockdown of other Rho family GEFs, including Tiam1 and kalirin-7, have also been shown to affect spine and synapse function (22-24, 70, 71) , pointing to the critical contribution of Rho family GEFs to these processes.
Asef2 signals through Rac to regulate spine formation, as demonstrated by knockdown of Rac in Asef2-expressing neurons. Interestingly, exogenous expression of Asef2 causes a significant increase in spine density, which also occurs when constitutively active Rac is expressed in neurons (16, 17, 64) . Although our results indicate that Rac is crucial for the Asef2-promoted increase in spine and synapse density, we cannot exclude the possible contribution of other Rho family GTPases. Asef2 is reported to activate both Rac and Cdc42, and Cdc42 has previously been shown to promote spine and synapse development (20, 28, 29) . Therefore, Cdc42 could play a role in mediating the Asef2-promoted increase in the number of spines and synapses. Future studies are needed to determine whether Cdc42 also contributes to the effects of Asef2 on spines and synapses.
To better understand the mechanism of Asef2-dependent spine formation, we investigated the role of the scaffolding protein spinophilin. Our work demonstrates that spinophilin localizes Asef2 to spines, which has not been previously shown. Furthermore, this observation highlights the increasing importance of spinophilin-GEF signaling as a key component of the development of spines. Spinophilin has been shown to interact with several Rho family GEFs in addition to Asef2: kalirin-7, Tiam1, and Lfc (72) (73) (74) (75) . Interestingly, spinophilin expression alters the localization of endogenous Tiam1 in non-neuronal cells (73, 74) , whereas spinophilin expression results in relocation of Lfc to the cell periphery in neuroblast N2a cells (75) . Taken together, these data suggest that spinophilin is a key regulator of Rho family GEF localization.
Our results showed that endogenous Asef2 distributed throughout dendrites, including the dendrite shaft and spines, under basal conditions. Other GEFs, such as Lfc, have similarly been found to distribute to dendritic shafts under basal conditions (75) . In the case of Lfc, neuronal stimulation caused it to translocate from dendrites to spines (75) . This change in localization is thought to occur via targeting by spinophilin (75) . Therefore, spinophilin-mediated targeting of Asef2 to spines could occur predominantly in response to synaptic signaling. Indeed, inhibition of NMDA receptor activity via the antagonist AP5 caused a significant loss of spinophilin-dependent Asef2 localization to spines, suggesting that NMDA receptors signaling is an important upstream regulator of Asef2 localization. Further elucidation of the upstream signals that regulate spinophilin-promoted Asef2 localization to spines is an interesting avenue for future study.
In our study knockdown of spinophilin caused a decrease in dendritic spine density. This phenotype differs from that observed by Feng et al. (42) , who reported that spinophilin knock-out resulted in an increase in spine density in young mice. A possible explanation for this discrepancy is that the knock-out spine density measurements were performed on neurons from the caudatoputamen. Spinophilin could have a different function in these neurons versus the hippocampal neurons used in our study. Another explanation could be that spinophilin mediates these effects on spines by associating with different binding partners. In the study by Feng et al. (42) , the interaction of spinophilin with protein phosphatase-1 appears to be important in the modulation of spine dynamics, whereas in our study the Asef2-spinophilin interaction is critical for the effects that we observe on spine development.
The C terminus of spinophilin acts as a centralized scaffold for several GEFs, including Asef2 (37) . This region of spinophilin contains a PDZ domain and a coiled-coil domain, which both facilitate protein-protein interactions (76) . Based on yeast two-hybrid screening, the C terminus of kalirin-7 appears to associate with the PDZ domain of spinophilin (72) . Lfc, on the other hand, interacts with the coiled-coil domain of spinophilin, whereas Tiam1 is thought to associate with a region spanning the PDZ and coiledcoil domains (73, 75) . The specific region within the spinophilin C terminus that interacts with Asef2 is currently unknown. However, Asef2 most likely does not associate with spinophilin via coiled-coil interactions, because Asef2 does not have a coiled-coil domain (37) . Nevertheless, the C-terminal interaction between Asef2 and spinophilin is integral for targeting Asef2 to spines because deletion of this region disrupts Asef2 localization to spines. Continued work is necessary to determine the specific regions that are essential for the Asef2-spinophilin interaction and whether this interaction affects the binding of spinophilin to other GEFs.
In summary, our results reveal a new function for Asef2 in promoting the formation of dendritic spines and synapses in hippocampal neurons. Asef2-mediated spine and synapse development occurs via the scaffold protein spinophilin, which FIGURE 6 . Spinophilin targets Asef2 to dendritic spines. A, neurons were co-transfected with mCerulean (Filler), GFP, or GFP-Asef2 and either mCherry or mCherry-spinophilin at DIV5. The neurons were visualized at DIV11 using live-cell confocal microscopy. Bar, 20 m. Higher magnification images of the boxed regions are shown below. Bar, 5 m. B, the spine-to-shaft ratios of the fluorescence intensities of GFP and GFP-Asef2 were quantified and normalized to the control (GFP ϩ mCherry). Error bars represent S.E. from 150 spines from 5 independent experiments (*, p Ͻ 0.001). n.s. denotes no statistically significant difference. C, DIV5-6 neurons were co-transfected with mCerulean (Filler), GFP-Asef2, and either mCherry, mCherry-spinophilin (mCherry-Spino), or mCherryspinophilin-⌬C terminus (mCherry-Spino-⌬Cterm). The neurons were visualized at DIV11 using live-cell confocal microscopy. Bar, 5 m. D, the spine-to-shaft ratios of the GFP-Asef2 fluorescence intensities were quantified and normalized to the control (mCherry ϩ GFP-Asef2). Error bars represent S.E. from 90 spines from three independent experiments (*, p Ͻ 0.001). targets Asef2 to spines. Asef2 activates Rac locally to facilitate the formation of new spines. Spinophilin also maintains Asef2 in spines, which suggests that Asef2-mediated Rac signaling is involved in spine stability. The proper formation and maintenance of spines is crucial for efficient synaptic signaling. Interestingly, a nucleotide deletion in Asef2 has been linked to autism, and a single-nucleotide polymorphism in Asef2 has been linked to the co-occurrence of alcohol dependence and depression (77, 78) ; these disorders are associated with spine defects (7, 79, 80) . Collectively, our data point to Asef2 as a key signaling protein in regulating the development of dendritic spines and synapses, which is critical for maintaining normal cognitive and behavioral function.
